The diversity among cyclic nucleotide phosphodiesterases provides multiple mechanisms for regulation of cAMP and cGMP in the cardiovascular system. Here we report that a calmodulin-stimulated phosphodiesterase (PDE1C) is highly expressed in proliferating human arterial smooth muscle cells (SMCs) in primary culture, but not in the quiescent SMCs of intact human aorta. High levels of PDE1C were found in primary cultures of SMCs derived from explants of human newborn and adult aortas, and in SMCs cultured from severe atherosclerotic lesions. PDE1C was the major cAMP hydrolytic activity in these SMCs. PDE expression patterns in primary SMC cultures from monkey and rat aortas were different from those from human cells. In monkey, high expression of PDE1B was found, whereas PDE1C was not detected. In rat SMCs, PDE1A was the only detectable calmodulin-stimulated PDE. These findings suggest that many of the commonly used animal species may not provide good models for studying the roles of PDEs in proliferation of human SMCs. More importantly, the observation that PDE1C is induced only in proliferating SMCs suggests that it may be both an indicator of proliferation and a possible target for treatment of atherosclerosis or restenosis after angioplasty, conditions in which proliferation of arterial SMCs is negatively modulated by cyclic nucleotides. ( J. Clin. Invest. 1997. 100:2611-2621.)
Introduction
Smooth muscle cells (SMCs) 1 in the normal arterial wall have a quiescent, contractile phenotype and are resistant to mitogenic stimuli. However, injury to the arterial wall results in a phenotypic change in the SMCs that enables them to respond to growth factors and to proliferate (1) . This synthetic phenotype is characterized by loss of contractile elements and increased synthesis of proteins such as growth factors and their receptors. The change of phenotype leading to proliferation of SMCs are a key event in the formation and progression of lesions of atherosclerosis and in restenosis after angioplasty. Isolation and culturing of SMCs are associated with a similar phenotypic change from a contractile to a synthetic, proliferative phenotype (2) . The molecular mechanisms of modulation from the quiescent to the proliferative phenotype are not fully understood.
Cyclic nucleotides (cAMP and cGMP) have a well-established role in regulating vascular tone (3, 4) . Agents that activate adenylyl or guanylyl cyclase cause relaxation of contracted smooth muscle. Targets for cAMP and cGMP action include cAMP-dependent and cGMP-dependent protein kinases, respectively, and interaction of these targets with cyclic nucleotides culminates in vasorelaxation.
In addition to regulating smooth muscle tone, cyclic nucleotides inhibit SMC proliferation (5) . Proliferation of SMCs is regulated by several intracellular signaling pathways, and cyclic nucleotides have been found to counteract many of these pathways. For example, it has been shown that cAMP-dependent protein kinase inhibits the mitogen-activated protein kinase cascade (6) (7) (8) , the p70 S6 kinase (9, 10) , and the cyclindependent kinase 4 (11) and mediates cell cycle arrest (12) . Thus, it has been proposed that cAMP acts as a gate for mitogenic signaling pathways (13) . Less is known about the crosstalk of cGMP and mitogenic signaling pathways that mediate SMC proliferation. However, cGMP can inhibit proliferation.
The degradation of cyclic nucleotides is catalyzed by many cyclic nucleotide phosphodiesterases (PDEs). Currently, seven PDE gene families have been described based on their different sequences, kinetic properties, regulatory mechanisms, and sensitivities to pharmacological inhibitors (14) . More than 30 PDEs with different functional characteristics and tissue expression arise from multiple genes and/or alternative splicing within these gene families (15) . PDE1 (calmodulin [CaM]-dependent PDE), PDE2 (cGMP-stimulated PDE), PDE3 (cGMP-inhibited PDE), PDE4 (cAMP-specific PDE), and PDE5 (cGMP-specific PDE), have been identified in the arterial wall of a wide variety of species, including humans (16) (17) (18) (19) . The expression patterns of the various PDE isoforms have displayed considerable variability between species.
PDE inhibitors cause relaxation of isolated arterial smooth muscle, and, in general, the extent of the relaxation correlates with the particular PDE isoform that was inhibited (17, (20) (21) (22) . For example, PDE3 inhibitors alone or in combination with selective inhibitors of PDE4 have been shown to be potent in relaxing aortic smooth muscle, whereas PDE4-selective inhibitors alone are less effective. These results suggest that PDE3 is the most important isozyme for catalyzing the hydrolysis of the cAMP pool involved in regulating arterial smooth muscle tone, at least in rats.
Although relatively fewer studies have been reported, treatment of arterial SMCs with PDE inhibitors has also been shown to inhibit proliferation. In contrast to the well-documented effects of PDE type-selective inhibitors on arterial smooth muscle tone, PDE3 or PDE4 inhibitors alone did not attenuate effectively proliferation of SMCs derived from pig aorta or rat embryonic aorta (23, 24) . However, PDE3-and PDE4-selective inhibitors in combination were effective for inhibiting proliferation. A likely explanation for this result might be that both PDE3 and PDE4 are important for regulating cAMP metabolism associated with progression through the cell cycle in pig and rat SMCs. Moreover, these reports suggest that the effect of cAMP formed in these cells may be attenuated positively by inhibiting cAMP degradation.
Previous studies examining the PDE expression profile of aortic tissue and SMCs have relied on anion-exchange chromatographic or drug sensitivity methodologies that by themselves are inadequate for resolving the many different PDE isozymes that have been identified using recombinant DNA techniques. Also, no data have been reported describing the PDE expression pattern in primary cultures of human arterial SMCs, which display a synthetic, proliferative phenotype. The main goal of this study was to identify the PDE isoforms expressed in human proliferating SMCs in primary culture and in aortic smooth muscle from intact human aorta in which the SMCs are quiescent. We also present data examining the PDE expression profile from aorta and SMCs from other experimentally useful species such as monkey and rat. Using molecular probes, such as isozyme-specific antibodies and antisense riboprobes, which can distinguish PDE isoforms based on structural criteria, we show here that a CaM-dependent PDE, PDE1C, is highly expressed in human SMCs of the proliferative phenotype but not in primary cultures of monkey or rat SMCs. This PDE1C isoform is the main cAMP hydrolytic activity in human proliferating SMCs in the presence of calcium. Expression of PDE1C may be an important component in signal transduction pathways mediated by calcium that permit cell cycle traverse and proliferation. The variability of PDE expression among different species presented here points to a need to evaluate the therapeutic utility of PDE inhibitors as well as other drugs using in vitro systems that more closely mirror human cells.
Methods
Reagents. Pepstatin and leupeptin were obtained from BoehringerMannheim Biochemicals (Indianapolis, IN). The Mono Q anionexchange column (HR 5/5), pGEX-3X vector, and pGEX-4T-1 vector were supplied by Pharmacia Biotech (Piscataway, NJ Arterial SMC culture and extract preparation. Human newborn arterial SMCs were obtained from the thoracic aortas of infants (2-3 mo) after accidental death, death from Sudden Infant Death Syndrome, or death from congenital defects. Arterial SMCs from adult normal thoracic aortas were obtained from normal donor heart transplants. Arterial SMCs from advanced atherosclerotic lesions were isolated from SMC-rich areas of well-characterized lesions of human adult arteries. Monkey ( Macaca nemestrina ) SMCs were isolated from the thoracic aorta of adult monkeys obtained from the Regional Primate Center (University of Washington, Seattle, WA). Rat SMCs were isolated from the thoracic aorta of adult (350-g) Sprague-Dawley rats.
Aortas were opened longitudinally, and the endothelial cells were scraped off using a spatula. The smooth muscle layer was then stripped from adventitia and minced in ice-cold PBS. The smooth muscle (for human, 0.5-1 g; for monkey, 5-10 g) was either homogenized immediately or used for establishing cell cultures. The cells were isolated by the explant method and cultured as described previously (25) . Cells were used at passages 5-10 and characterized as smooth muscle by morphologic criteria and by expression of smooth muscle ␣ -actin. The cells were cultured in DME supplemented with 10% FBS. Before the experiments, the cells were plated in 100-mm dishes and, when confluent, were incubated in DME/1% human plasma-derived serum for 2 d. These cells were negative in mycoplasma assays and had a normal chromosome number. Typically, 5-6 plates (3 ϫ 10 6 cells/plate) were washed three times with cold PBS and harvested in homogenization buffer (50 mM ␤ -glycerophosphate, pH 7.3, 1.5 mM EGTA, 0.1 mM Na 3 VO 4 , 1 mM DTT, 10 g/ml aprotinin, 5 g/ml pepstatin, 20 g/ml leupeptin, 1 mM benzamidine). Homogenization was carried out using a Polytron homogenizer (Brinkmann Instruments, Inc., Westbury, NY), followed by two sonications for 10 s using a sonicator (Braun-Sonic 2000; B. Braun Biotech Inc., Allentown, PA) at 50% output.
Cells from 6 plates were homogenized in 3 ml of homogenization buffer, and aortic tissues were homogenized in 10 vol of the same buffer. The cell extracts were centrifuged at 100,000 g for 20 min at 4 Њ C. The supernatant and pellet were assayed for PDE activity, and the supernatants were used for anion-exchange chromatography.
High performance anion-exchange chromatography. Each supernatant prepared from ‫ف‬ 15-20 ϫ 10 6 cells was loaded at 0.5 ml/min on a Mono Q anion-exchange column HR 5/5, which had been equilibrated previously with buffer A (50 mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM DTT, 1 mM benzamidine). Under this condition, Ͼ 95% of the total PDE activity was bound to the column. The column was washed for 15 min or until the protein in the eluate (monitored at 280 nm) was no longer detected. The bound PDE activity was eluted at a flow of 0.5 ml/min with a linear gradient (0-100% B) of buffer B (buffer A ϩ 0.8 M NaCl) over 40 min. Fractions of 0.25 ml were collected at 4 Њ C and assayed for PDE activity. Aliquots of each fraction were boiled in sample buffer for Western blot analysis.
PDE assays, immunoprecipitations, and protein determinations. PDE assays were carried out according to established procedures (26). All assays were performed at 30 Њ C using either 1 M cAMP or 1 M cGMP as a substrate in the presence of either 1 mM EGTA or 0.8 mM CaCl 2 and 4 g/ml CaM.
Immunoprecipitations were performed as described previously using ACC-1 mouse monoclonal IgG, which is reactive with PDE1 enzymes (27) . Typically, 200 l of extract was incubated with 200 l of a 10% suspension of ACC-1 IgG conjugated to Pansorbin ® cells supplemented with 1 mM CaCl 2 and 0.1 g/ml CaM, and incubated for 2 h at 4 Њ C. The Pansorbin ® cells were washed three times by sequentially collecting by centrifugation and resuspending in 400 l of Tris-HCl, pH 7.4, 1 mM CaCl 2 . After the final wash, the cell pellets were resuspended in 400 l of Tris-HCl, pH 7.4, and assayed subsequently for PDE activity. Protein concentrations were determined by the Bradford method (28) .
Preparation of PDE riboprobes and RNase protection assays. Complementary DNA templates for riboprobe synthesis were prepared by a reverse transcription (RT) PCR methodology (29) . In brief, human newborn smooth muscle poly(A) mRNA was extracted from tissue using a Micro-FastTrack ® kit. The mRNA was reversetranscribed to generate first-strand cDNA as described previously (30) . Oligonucleotide sequences corresponding to nucleotides 974-994 (sense orientation, 5 Ј -CATCCATGACTACGAGCATAC-3 Ј ) and 1438-1458 (antisense orientation, 5 Ј -CTTGTGACTGAGCAA-CCATAG-3 Ј ) of the cDNA designated HSPDE1C1 (GenBank accession number U40371), and nucleotides 861-881 (sense orientation, 5 Ј -GATCGCTCTGTCCTTGAGAAT-3 Ј ) and 1302-1322 (antisense orientation, 5 Ј -CTCTGTTGAGTCTGTCAGAAG-3 Ј ) of the cDNA designated HSPDE1A3 (GenBank accession number U40370) were synthesized using a DNA synthesizer (model 381A; Applied Biosystems, Inc., Foster City, CA). The first-strand cDNA was subjected to 25 cycles of PCR amplification by thermal cycling the reaction mixture (composition: 10 mM Tris-HCl, pH 8.8, at 25 Њ C, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM [each] dATP, dGTP, dCTP, and dTTP, 0.1% Triton X-100, 0.2-0.4 ng/ l first-strand cDNA, 1 M sense primer, 1 M antisense primer, and 0.1 U/ l Taq DNA polymerase) at 94 Њ C for 1 min, then 60 Њ C for 1 min, followed by 72 Њ C for 1 min.
The reaction products were separated on a 1% low melting point agarose gel containing ethidium bromide, and visualized by illumination with ultraviolet (UV) light. DNA bands of sizes close to those predicted, based on the published sequence and location of the amplification primers, were cut out of the gel using a razor blade and subcloned into the pCRII vector. Putative PDE cDNAs were sequenced using the dye terminator cycle sequencing ready reaction DNA sequencing kit and oligonucleotide primers flanking the multiple cloning site (31, 32) . The authenticity of the putative human PDE1C and human PDE1A partial cDNAs was determined by comparing the nucleotide sequences with HSPDE1C1 and HSPDE1A3 cDNAs using the Bestfit program in the Genetic Computer Group software package (33). The riboprobe template corresponding to HSPDE1C1 nucleotides 974-1458 was designated H1C, and the riboprobe template corresponding to HSPDE1A3 nucleotides 934-1395 was designated H1A.
Templates for radiolabeled antisense riboprobe synthesis were prepared by digesting the plasmid DNA with either StyI (H1C), or AvaII (H1A), yielding templates with a riboprobe length of 289 (HSPDE1C1 nucleotides 1169-1458) and 171 (HSPDE1A3 nucleotides 1224-1395) nucleotides, respectively. Radiolabeled antisense riboprobes were transcribed in vitro using the maxiscript kit according to the manufacturer's protocol. The transcription reaction had the following composition: 1 ϫ transcription buffer, 10 mM DTT, 0.5 mM ATP, 0.5 mM GTP, 0.5 mM CTP, 0.05 mM UTP, 2.5 Ci/ l [ RNase protection assays were performed using the RNase II kit, following the manufacturer's protocol. The hybridization reaction contained 20 g of total RNA and 100,000 cpm of riboprobe in a 50-l reaction. After digestion with RNases, the protected riboprobes were precipitated, reconstituted in 8 l of loading buffer, and electrophoresed on a 5% acrylamide/8 M urea gel containing 1 ϫ Tris/boric acid/EDTA buffer. After electrophoresis, the gel was dried and exposed to x-ray film for 16-24 h at Ϫ 70 Њ C.
Fusion protein production and peptide synthesis. Glutathione-S -transferase (GST) fusion proteins were used as immunogens and/or for purification of isoform-selective PDE1 antibodies. A plasmid encoding a PDE1A-GST fusion protein was prepared by subcloning the ‫ف‬ 250 bp XmnI restriction endonuclease cleavage fragment of the MMPDE1A2 cDNA (GenBank accession number U56649) encompassing the carboxy-terminal coding sequence (amino acid residues 500-546) into the pGEX-3X plasmid in-frame with the GST coding sequence.
A plasmid encoding a GST fusion protein containing MMPDE1B1 (GenBank accession number L01695) amino acid residues 446-535 was constructed using a cDNA encompassing MMPDE1B1 nucleotides 79-1772, generated by RT-PCR amplification of mouse brain mRNA. The resulting cDNA was cleaved with StyI restriction endonuclease, recessed ends were filled in with Klenow fragment, and the ‫ف‬ 400-bp fragment was subcloned into the pGEX-3X plasmid inframe with the GST coding sequence (29) .
A PDE1C-GST fusion protein plasmid was constructed from the carboxy-terminal coding sequence (amino acid residues 495-768) of the cDNA clone RNPDE1C2 (GenBank accession number L41045) and the pGEX-4T-1 vector (34) .
Expression and purification of the fusion proteins were performed from XL1-Blue cells using established procedures (29) .
A peptide corresponding to BTPDE5A1 (GenBank accession number L16545) amino acid residues 836-852 (sequence ϭ NH 2 -CRKNRQKWQALAEQQEK-CO 2 H) was synthesized using a peptide synthesizer (model 430A; Applied Biosystems, Inc.) Antisera production. An immunogen for generating rabbit antibodies reactive with PDE5 isozymes was prepared by conjugating the synthetic peptide (see above) to hemocyanin using m -maleimidobenzoyl-N -hydroxysuccinimide ester (35) . Recombinant, baculovirusexpressed BTPDE1A2 was used as an immunogen for generating antibodies reactive with PDE1A (31). PDE1B fusion protein described above was used as immunogen for generating PDE1B-specific antisera. All antisera were produced in rabbits using established protocols (35) . Production of PDE1C antisera was reported previously (34) .
IgG purification. PDE5 synthetic peptide and PDE1A-, PDE1B-, and PDE1C-GST fusion proteins (see above) were coupled to SulfoLink (PDE5 peptide) or AminoLink (for fusion proteins) gels using the manufacturer's protocol. The PDE-reactive IgGs were purified by affinity chromatography using established procedures (35) .
Production of recombinant PDE1 protein. Recombinant baculovirus encoding MMPDE1A2, MMPDE1B1, MMPDE1C1 (GenBank accession number L76944) and MMPDE1C4 (GenBank accession number L76947), were constructed using established methods from the corresponding PDE1 cDNAs (described above and in reference 31), the baculovirus shuttle vector pVL1393, and BacPAK6 viral DNA. Isolated viruses were amplified and used to infect 1-liter cultures of Sf9 cells at a multiplicity of infection of 10 plaque-forming U/cell. After 48 h, the infected cells were harvested, and recombinant PDE1 protein was purified using an ACC-1 immunoaffinity column as described previously (31) .
Western blot analysis. Samples were boiled in 1 ϫ sample buffer for 5 min, loaded onto an SDS-polyacrylamide gel (8% acrylamide/ 0.21% bisacrylamide), and electrophoresed. The separated proteins were transferred to nitrocellulose and immunostained subsequently with isozyme-specific PDE1 or PDE5 antibodies (29) . The immunoreactivity was detected by enhanced chemiluminescence using HRP-conjugated goat anti-rabbit IgGs and HRP-luminescent substrate mixture.
Experimental design. PDE activity and Western blot analyses of anion-exchange chromatography profiles were performed on three human adult aortas, two human newborn aortas, three monkey aortas, and primary SMC cultures from three human adult aortas, four human newborn aortas, two arteries having atherosclerotic lesions and two monkey aortas. At least two HPLC profiles were carried out on each cell strain (i.e., four or more experiments). Three independent RNAse protection assays were performed on total RNA iso-lated at two different passages from one of the adult and one of the newborn strains of SMCs in primary culture. The data presented here are representative examples of these experiments.
Results
Comparison of PDE activity from extracts of human adult aorta and SMCs in primary culture. Cells from normal intact aorta represent SMCs in a quiescent state. More than 90% of the total cAMP and cGMP hydrolytic activity in these cells was present in the supernatant fraction of human aortic extracts, and addition of CaM to the assay mixture increased the hydrolysis of cAMP and cGMP by 48 and 97%, respectively (Fig. 1) . The cGMP hydrolytic activity in the soluble fraction was 2.7-fold greater than for cAMP.
To estimate PDE activity in proliferating SMCs and compare that with quiescent cells from intact aorta, we used cells derived from human aortic homogenates in primary culture as a model system. It has been shown previously that human arterial SMCs cultured in vitro undergo phenotypic modulation, becoming proliferative yet maintaining the characteristics of SMCs for up to 10 passages. Most of the cAMP and cGMP PDE activities in the extracts of human adult SMCs in primary culture were found in the cytosolic fraction ( Ͼ 85%). In the presence of CaM, both cAMP and cGMP hydrolysis were activated two-to threefold (Fig. 1) , which was greater than that observed in extracts from human adult aorta. After immunoprecipitation of the CaM-bound PDE1 from SMC extracts with the mAb, ACC-1, a five-to sevenfold activation by CaM was detected (Fig. 1) . Kinetic analysis of the immunoprecipitated PDE1s from cultured SMCs indicated the presence of a low K m cAMP and cGMP PDE1 activity ( K m ϭ 2.9 M for cAMP and 2.4 M for cGMP).
Identification of cytosolic PDE isoforms from human adult aortic smooth muscle and human adult SMCs in primary culture. To aid in the identification of which PDE1 isoforms were present in aortic smooth muscle and in SMCs in primary culture, PDE1A-, PDE1B-, and PDE1C-specific antibodies were generated. Each antibody recognized only one isoform, and no cross-reactivity was detected (Fig. 2) . Resolution of PDE isoforms expressed in the tissue and cell culture extracts was achieved by anion-exchange chromatography, followed by analysis of the fractions by PDE activity assays and Western blot analysis.
Quiescent cells from human adult aorta displayed several PDE activities resolved by anion-exchange chromatography (Fig. 3 A ) . Fractions 8-13 hydrolyzed cGMP with a high degree of selectivity in the presence of EGTA. Western blot analysis with PDE5 antibodies revealed that these fractions contained the PDE5 isozyme. cAMP-hydrolyzing PDEs (PDE3 and PDE4) were eluted later during the gradient (fractions [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
In human adult SMCs in primary culture, the peak of cGMP-hydrolyzing activity (fractions 7-13) also displayed immunoreactivity with PDE5 antibodies (Fig. 3 B ) , and showed retention times similar to PDE5 from adult intact aorta (Fig.  3 A ) . However, in cultured SMCs, a small peak of cAMP hydrolytic activity was eluted slightly ahead of PDE5 (fractions 7-8), was stimulated 7-to 10-fold by calcium and CaM, and hydrolyzed both cAMP and cGMP with equal efficacy. In contrast, the calcium and CaM-stimulated cyclic nucleotide hydrolytic activity in human aortic smooth muscle catalyzed mainly the hydrolysis of cGMP and eluted later than PDE5 and the PDE1 activity detected in cultured human SMCs.
Using isozyme-specific PDE1 antibodies, the CaM-stimulated peaks of activity detected in human aortic extracts were identified as PDE1A and PDE1B by Western blot analysis (Fig. 3 A ) . PDE1A was observed as two broad peaks spanning fractions 13-24, with maximal protein detected in fractions 14 and 19. PDE1B immunoreactivity was detected in fractions eluting after PDE1A (fractions 20-23). and CaM in extracts of human adult aorta (left), adult SMCs in primary culture (middle), or immunoprecipitates from cultured SMC extracts (right) using the PDE1-reactive antibody, ACC-1. Extract preparation, immunoprecipitation, and assays for PDE activity were carried out as described in Methods. Assays were performed using either 1 M cAMP or 1 M cGMP in the presence of either 1 mM EGTA (gray bars) or 0.8 mM CaCl 2 and 4 g/ml CaM (black bars). 100% activity is defined as the activity of each sample when assayed in the absence of CaM. In human adult SMCs in primary culture, Western blot analysis revealed PDE1C immunoreactivity in the elution fractions containing most of the CaM-stimulated PDE activity (Fig. 3 B) . In contrast, no PDE1C immunoreactivity was detected in the same fractions from human adult aorta chromatography (Fig. 3 A) . In addition to PDE1C, a PDE1A isoform eluting after PDE5 was detected in the fractions of cultured human adult SMCs when probed with PDE1A-specific antibodies. This PDE1A displayed an elution profile with two peaks of activity (fractions 12 and 15). In all but one case, the relative mobility of the PDE1A immunoreactivity detected in adult human aorta and cultured arterial SMCs was nearly identical to that of recombinant BTPDE1A1 (59,000 M r ). However, in one human aorta, a peak of PDE1A was found that coeluted with the PDE5 peak. The immunoreactivity of that peak appeared to be closer to that of BTPDE1A2 (61 kD; data not shown).
PDE3 and PDE4 isoforms were identified on the basis of the inhibitory potency of their selective inhibitors (enoximone and rolipram, respectively) in fractions 22-36. It was determined that most cAMP hydrolytic activity was due to PDE4 in these fractions (data not shown).
Identification of PDE1 isoforms from human newborn aortic smooth muscle and primary cultures of human newborn
SMCs. CaM-PDE activity in human newborn aorta was found to be lower than in human adult aorta. When extracts of human newborn aorta were assayed in the presence of calcium and CaM, cGMP hydrolysis was stimulated by only 18%. Stimulation of cAMP hydrolytic activity by calcium and CaM in these extracts was not detected. The PDE elution profile obtained from human newborn aorta is shown in Fig. 4 A. A large peak of cGMP hydrolytic activity was detected early during the elution. Only PDE5 was detected in this first peak by Western blot analysis using PDE5 and isoform-specific PDE1 antibodies. A very small peak of CaM-stimulated cGMP hydrolytic activity was detected in fractions 20-25, which corre- sponds to the retention of PDE1B (see, e.g., Fig. 3 A) , but no immunoreactivity could be detected with any of the PDE1 antibodies. Thus, in contrast to adult aorta, PDE1A activity was undetectable, and PDE1B activity was much lower in the newborn aorta.
We were concerned that the age of the aorta might alter the PDE1C expression. However, anion-exchange chromatography of human newborn SMCs in primary culture revealed a PDE elution profile (Fig. 4 B) very similar to that of adult SMCs in primary culture (Fig. 3 B) . A large peak of calcium and CaM-stimulated cAMP and cGMP hydrolytic activity was detected early in the gradient, followed by a smaller peak of cGMP hydrolytic activity that was insensitive to calcium and CaM. Western blot analysis of these fractions with PDE5 and isoform-specific PDE1 antibodies revealed the presence of PDE1C and PDE5 immunoreactivities. The PDE1C isoforms detected in both human newborn and adult SMCs had identical molecular masses ‫ف(‬ 72 kD) as estimated by Western blot analysis (Fig. 5) . However, unlike adult cultured human arterial SMCs, no PDE1A immunoreactivity was detected in newborn cultured human SMCs.
RNase protection assay of PDE1A and PDE1C from human newborn and adult SMCs. To confirm which PDE1 isoforms were expressed in the human SMCs, RT-PCR-generated partial cDNAs corresponding to human PDE1A and PDE1C isoforms were used to probe total RNA extracted from human newborn and adult SMC cultures. The results of RNase protection assays using riboprobes synthesized from these templates are shown in Fig. 6 . RNA from both adult and newborn human SMCs completely protected the PDE1C riboprobe (286 bases). However, only the RNA from adult human SMCs completely protected the PDE1A riboprobe (172 bases). These RNase protection data confirm the PDE elution profile from Mono Q anion-exchange chromatography as determined by activity and Western blot analysis, that indicated a high level of PDE1C expression in both newborn and adult SMCs in primary culture, and PDE1A expression only in adult SMCs. 
Identification of PDE1 isoforms from primary cultures of human aortic SMCs isolated from advanced atherosclerotic lesions.
Samples from endarterectomy specimens were obtained from patients with severe, advanced atherosclerotic lesions, which contained SMCs mostly in the nonproliferative state. However, after growing in primary culture, the phenotypic state of these cells was changed to proliferative. Separation of PDE activities by anion-exchange chromatography of SMCs isolated from a severe atherosclerotic lesion in a carotid artery and then grown in culture for several passages also displayed a high level of PDE1C expression (Fig. 7) , as was found in primary cultures of SMCs from normal aortas (Figs. 3 and 4) . PDE1A activity eluted at a similar position as PDE1A activity from human adult aortic SMCs, after the PDE5 activity (Fig.  3 B) . PDE1C expression was also seen in SMCs grown from the severe lesion in a thoracic artery of another patient (data not shown). The results are consistent with the idea that PDE1C can be found in proliferating cells in primary culture derived from all types of arterial SMCs, isolated from different vascular beds, different ages, and different disease states. Characterization of PDEs from monkey aortic smooth muscle and SMC primary cultures. To be able to determine if SMCs proliferating in an intact animal artery also exhibit the same phenotype as those in culture, including expression of PDE1C, a good animal model system is required. Anion-exchange chromatography of PDEs from monkey aorta (Fig. 8 A) or cultured SMCs (Fig. 8 B) displayed similar, but not identical, profiles. Unfortunately, no expression of PDE1C could be detected in the monkey SMCs. For both aortic and SMC culture extracts, a large peak of CaM-independent, cGMP hydrolytic activity having immunoreactivity with PDE5 antibodies eluted first. Also common to both samples was the later elution of a CaM-stimulated, cGMP and cAMP hydrolytic activity (fractions [19] [20] [21] [22] [23] [24] . These fractions had a greater capacity to hydrolyze cGMP than cAMP and displayed immunoreactivity with PDE1B antibodies. Moreover, Western blot analysis of elution fractions from aorta and cultured SMC extracts showed PDE1B-immunoreactive bands with mobilities slightly greater than recombinant mouse PDE1B (63 kD) (Fig. 9) . In monkey aorta extracts, another CaM-stimulated cGMP hydrolytic ac- tivity was detected later in the first large peak of activity and again early in the second large peak of cGMP and cAMP hydrolytic activity. These fractions displayed little cAMP hydrolytic activity at a concentration of 1 M substrate and had immunoreactivity with PDE1A-specific antibodies. PDE1A activity and immunoreactivity were not detected in extracts of cultured monkey SMCs. In both samples, no immunoreactivity with PDE1C-specific antibodies could be detected in any of the fractions. A PDE activity in fractions 25-27 was stimulated by 1 m cGMP, indicating the presence of small amounts of PDE2 in cultured monkey SMCs and aorta (data not shown).
Identification of PDE1 isoforms from primary cultures of rat SMCs. Another system commonly used to study SMC proliferation is the rat aorta balloon angioplasty model. Anion HPLC of cultured proliferating rat SMCs (Fig. 10) showed a large peak of cGMP hydrolytic activity. This peak contained two activities: early fractions were completely CaM-independent and displayed immunoreactivity with PDE5 antibodies, whereas later fractions displayed slight stimulation by calcium and CaM and were reactive with PDE1A antibodies. Again, no PDE1C could be detected.
Discussion
In this study, we have identified a cyclic nucleotide PDE isozyme (PDE1C) that is expressed in proliferating but not in nonproliferating human smooth muscle. Moreover, this isozyme is not expressed in smooth muscle of several other species. In contrast to nearly all previous reports, these studies have made use of molecular probes that allow identification of the specific isoforms present in the muscle tissue; this has allowed identification of a previously unknown complexity of PDE expression.
A major new finding is that human SMCs grown in primary culture express high levels of a PDE1C isozyme, whereas no PDE1C was detected in smooth muscle acutely isolated from the medial layer of human aorta. This enzyme has an equal capacity to hydrolyze both cAMP and cGMP, with a K m for these substrates of 1-3 M. Moreover, when activated by calcium and CaM, PDE1C represented the major cAMP hydrolytic activity in these cells. Expression of PDE1C was also detected in human SMCs cultured from advanced atherosclerotic lesions of thoracic and carotid arteries.
Currently, five different mRNAs encoding four PDE1C isozymes have been reported in various tissues from mouse, rat, and human species (34, 36, 37) . Two human PDE1C isozymes, designated PDE1C1 (72.2 kD) and PDE1C3 (80.7 kD), are alternatively spliced variants that have been isolated from human hippocampus and human heart cDNA libraries, respectively. Expression of PDE1C has been detected in a limited number of tissues from human sources, including brain, heart, and lung; however, the expression of this isozyme in vascular tissue has not been reported. This is consistent with the idea that PDE1C activity is induced only in proliferating human arterial SMCs. The PDE1C detected in human SMC cultures reported here is about the same size as PDE1C1 found in other human tissues, based on its relative mobility on SDSpolyacrylamide gels. However, more detailed molecular analy- ses will be needed to identify unequivocally which splice variant of this isoform is expressed. A PDE1B isoform was detected in the smooth muscle isolated from the medial layer of human aorta but is absent from primary cultures of human SMCs. Currently, only one PDE1B gene has been reported, and no alternative splice variants of this gene have been identified (38) . PDE1B is not as widely expressed as PDE1A; however, PDE1B mRNA has been observed in brain, adrenal medulla, and kidney inner medulla, and PDE1B activity has been detected in lectin-activated T-lymphocytes (39) . Here, using Western blot analysis, we show that the PDE1B detected in human and monkey aorta, and in cultured monkey SMCs, has a relative mobility ‫ف(‬ 60 kD) which is lower than recombinant mouse PDE1B1 (63 kD). This slight difference in mobility might reflect differences in the amino acid composition of the PDE1B1 polypeptide between mouse and human species. However, it is also possible that the PDE1B reported here is a new variant of PDE1B due to alternative splicing of the PDE1B gene.
The observation that human SMCs switch from the expression of PDE1B (which hydrolyzes mainly cGMP) in quiescent cells to the expression of PDE1C (which can also hydrolyze cAMP with the same efficiency) in proliferating cells may be explained by the different roles played by these isoforms in regulation of cyclic nucleotide levels. Our preliminary data show that cAMP appears to be a more potent inhibitor of human SMC proliferation than cGMP (data not shown). Therefore, expression of PDE1C rather than PDE1B may be needed in order to keep levels of cAMP low during proliferation.
In contrast to the expression patterns of PDE1C and PDE1B, the PDE1A isoform is present in both human adult aorta and SMCs in primary culture. Currently, two, or possibly three, alternatively spliced variants of this gene have been identified (30, 37) . The PDE1A1 isoform, which has a relatively higher affinity for CaM than PDE1A2, is expressed in several bovine tissues, including aorta. PDE1A2 (61 kD) gene expression appears to be restricted to the brain. The isoform identified here is likely to be similar to PDE1A1, since the relative mobility on SDS-polyacrylamide gels is nearly identical to that of recombinant mouse PDE1A1 (59 kD). Interestingly, two peaks of PDE1A were detected in adult monkey and human aorta that may represent enzyme with and without CaM bound to it. It is not likely that these two peaks represent two different isoforms or proteolytic products, since the immunoreactive bands in both peaks had identical mobility on SDS gels.
The expression pattern of PDE1 isozymes in newborn versus adult human smooth muscle is different. Unlike in adult human aorta, little PDE1 activity was detected in newborn aorta. However, as in adult human SMCs, a large induction of PDE1C was detected in human newborn SMCs in primary culture. The absence of PDE1A in newborn aorta and presence in adult aorta may reflect postnatal developmental changes. Since induction of PDE1C occurs in both adult and newborn human SMCs, it may be a component of a signal transduction pathway that is important for the proliferation of human SMCs at all developmental stages.
The observation that the PDE1 isoforms expressed in aorta and cultured SMCs are dependent on the species was not expected and is quite interesting. For example, PDE1B is the predominant PDE1 isoform expressed in monkey aortic smooth muscle and cultured SMCs. However, PDE1A is the predominant PDE1 isoform expressed in cultured rat SMCs in primary culture. PDE1A was also the only PDE1 isoform detected in bovine SMCs (data not shown). Unlike human arterial smooth muscle, no induction of PDE1C is observed in proliferating SMCs in either of these species. The finding that PDE expression in proliferating human SMCs is different from that in bovine, monkey, and rat SMCs suggests the need to reevaluate pharmacological data about cyclic nucleotide regulation obtained using only nonhuman models and extrapolated to humans. In this case, for example, it is not possible to use rat or monkey models to investigate PDE1C expression after arterial injury. Similarly, data on proliferation of rat smooth muscle using PDE inhibitors may not be relevant to the human artery.
In summary, our experiments reveal that PDE1C is expressed at high levels in proliferative human arterial SMCs, but that expression is absent in smooth muscle in the intact human aorta. It is likely that expression of PDE1C is induced when SMCs are activated to undergo proliferation. Interestingly, induction of another PDE1, most likely PDE1B, has been described in proliferating T-lymphocytes (39). Thus, it is possible that proliferation of some cell types requires induction of a PDE1 to reduce cAMP and/or cGMP levels during proliferation in vivo as well as in primary culture.
The data presented may also have direct relevance to clinical studies involving cyclic nucleotides and smooth muscle proliferation. For example, attempts to treat restenosis after coronary angioplasty using receptor agonists coupled to activation of adenylyl cyclase, such as stable prostacyclin analogues, have not yielded conclusive results (40) (41) (42) . It is possible that this may be explained in part by the presence of PDEs in the arterial wall that hydrolyze cAMP. Simultaneous stimulation of cAMP synthesis and inhibition of cAMP degradation using selective PDE inhibitors may prove to be more efficacious in the treatment of certain cardiovascular diseases. Therefore, since PDE1C is the predominant cAMP hydrolytic activity in proliferating human SMCs, it would seem to be a likely target for therapeutic intervention in smooth muscle proliferative diseases. Obviously, studies in intact animals will be needed to test this hypothesis.
Note added in proof:
Recently, the role of PDEs in the regulation of smooth muscle proliferation has been shown in vivo using a rat model of the balloon catheter-injured artery. Aminophylline (nonspecific inhibitor of PDEs) significantly inhibited neointima formation after balloon injury of rat arterial wall. 
